The aim of this research was to assess: (a) the genetic relationships between the Cuban Pelibuey and both the Hair-Mexican and Hair-Canarian sheep populations; and (b) the influence of African hair sheep in the formation of the Cuban Pelibuey breed. A total of 146 individuals of Cuban Pelibuey hair sheep breed were sampled and genotyped for 26 microsatellites together with 26 Hair-Mexican and 24 Hair-Canarian individuals. Additionally, the same microsatellites set was typed on 110 West African hair sheep and on 41 individuals belonging to the Wooled-Canarian (23) and the Wooled-Palmera (18) sheep breeds to be used as outgroup. Genetic distance, correspondence and STRUCTURE analyses pointed out that the Cuban Pelibuey has a particular genetic background. This population has relatively high levels of gene diversity (0.685 ± 0.006) and rarefacted allelic richness (5.9). No signals of genetic bottleneck in the Cuban Pelibuey sheep were detected. The Hair-Canarian and the Hair-Mexican populations are closely related. This is likely to be due to a major role of the Cuban Pelibuey sheep in their formation. The influence of African hair sheep into the Cuban Pelibuey could be limited and recent in historical terms.
Introduction
Hair sheep are phenotypically linked to the first sheep domestication which involved wild hair sheep in the Near East (Chessa et al., 2009 ). There is consensus on considering West Africa as the origin of the present-day American hair sheep . However, these sheep may have been directly imported from mainland Africa into America or via the Canary Islands, a necessary stop on the way to America (Capote and Ramírez, 1990) . The original sheep stock of the Canary Islands, extinct during the late 16th century, was hairy Tejera and Capote, 2005) .
Within the Caribbean region, hair sheep breeding has a significant development in Cuba. However, no genetic analyses of the Cuban Pelibuey sheep have been carried out so far. Furthermore, the Cuban Pelibuey sheep breed has played a major role in the formation of other hair sheep populations. Mason (1980) indicates that hair sheep were brought into Mexico from Cuba during the 1930s. More recently, hair sheep were reintroduced into the Canary Islands via translocation of Cuban Pelibuey individuals obtained in Venezuela and the use of frozen semen from Cuban Pelibuey rams (Tejera and Capote, 2005) . Some 0921-4488/$ -see front matter © 2011 Elsevier B.V. All rights reserved. doi:10.1016/j.smallrumres.2011.10.025 crossing with extant Wooled Canarian sheep could occur at an early moment of the formation of the Hair-Canarian population (Tejera and Capote, 2005) .
Recent studies have assessed the genetic relationships and structure of some African hair sheep populations using microsatellites (Álvarez et al., 2009a; Gornas et al., 2011) . The aim of this research was to assess: (a) the genetic relationships between the Cuban Pelibuey and both the Hair-Mexican and Hair-Canarian sheep populations; and (b) the influence of African hair sheep in the formation of the Cuban Pelibuey breed. Samples from wool Canarian sheep (sampled in the Tenerife and La Palma islands) were used as outgroup.
Materials and methods

Sampling and genotyping
Hair follicles were obtained from a total of 146 individuals of Cuban Pelibuey sheep. They were sampled in six different governmental flocks located in the municipalities of Pilón, Niquero and Media Luna belonging to the semi-arid province of Granma (Southwestern Cuba). Additionally, 26 Hair-Mexican sheep were sampled in two different flocks of the Querétaro (Central México) area and 24 Hair-Canarian individuals were obtained in two different flocks from the island of Tenerife. The relationships between the Cuban Pelibuey and the African hair sheep were assessed via the analyses of 25 Eastern Sahelian hair sheep (including Touareg, Mauritanian and Senegal samples) and the re-analysis of 95 hair sheep from Burkina Faso (including Djallonké, Mossi and Burkina-Sahel samples; Álvarez et al., 2009a) . A total of 41 individuals belonging to the Wooled-Canarian (23) and the Wooled-Palmera (18) sheep breeds, sampled in five different flocks were used as outgroups. Information from flock managers was used to avoid the sampling of half-and full sibs.
Total DNA was isolated from hair follicles using the NucleoSpin ® Tissue Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) according to the manufacturer instructions. A microsatellite set, including 26 markers, previously used in Álvarez et al. (2009a,b) was analysed on all the individuals (see Table S1 ). Genotyping was performed on an Automatic Sequencer ABI 310 using the GeneMapper software (Applied Biosystems, Barcelona, Spain).
Statistical analyses
The usefulness of the markers typed was assessed: (a) computing possible deviations from the Hardy-Weinberg proportions using the probability-test option implemented in the program GENEPOP v. 1.2 (Raymond and Rousset, 1995) ; and (b) computing the Wright's F-statistics for each marker using the program GENETIX 4.05 (Belkhir et al., 2004) .
Within-populations genetic variability was assessed, using the program MolKin , via computing the following parameters: number of observed alleles, observed (H o ) and expected (H e ) heterozygosity, Wright's F-statistics and raw (A) and rarefacted (A g ) average number of alleles per locus. Here, g was fitted to 30, which is twice the minimum number of individuals within a breed with genotype known for all the microsatellites.
Detection of genetic bottlenecks in our data was tested performing a two-tails Wilcoxon test, as implemented in the program BOTTLENECK (Piry et al., 1999) , under the conservative stepwise mutation model of mutation. The two-tails test ensures that statistical significance obtained using one-tail tests for heterozygote deficiency or heterozygote excess is not due to chance.
Between-populations genetic relationships were assessed, using the program MolKin, via computing the between-individuals and between-populations molecular coancestry (f ij ) and Nei's minimum distance (D m ) matrices. To avoid bias because of unequal sample sizes, a bootstrapping method was applied using 1000 samples with exactly 30 individuals per breed. For descriptive purposes, multidimensional scaling analysis was carried out on the genetic distance matrices using the Proc MDS of SAS/STAT TM (SAS Institute Inc., Cary, NC).
Population structure was investigated carrying out a canonical discriminant analysis, at both the population and the individual multilocus genotype levels, using the program GENETIX 4.05 (Belkhir et al., 2004) . The program STRUCTURE (Pritchard et al., 2000) was also used to ascertain a possible cryptic genetic structure in the analysed dataset (Álvarez et al., 2004; Legaz et al., 2008) . The most likely number of clusters K (populations or breeds) present in a dataset was approached as the mode of the K distribution (Evanno et al., 2005) . Parameter K was ascertained using 10 different runs of the program. All runs used a burn-in period of 100,000 iterations and a period of data collection of 100,000 iterations under an admixture model with correlated allele frequencies.
Results
Table S1 gives information on the polymorphism of the 26 genotyped markers. Two markers (ILSTS005 and INRA26) showed statistically significant deviations from Hardy-Weinberg proportions at the whole population level but also for most analysed populations. This scenario was not likely to be due to a chance or sampling effect. Therefore, these markers were not used for further analyses. Up to 15 out of the 24 remaining markers had more than 10 alleles and 17 markers had expected heterozygosity above 0.7. Only two of the markers (BM2504 and RBP3) showed a major heterozygote deficiency (F IS values higher than 0.15). However, the standard errors associated with the estimates were wide. Therefore, these F IS values were not likely to result from population stratification or even problems in genotyping and, in consequence, markers BM2504 and RBP3 were kept for further analyses. Overall, the microsatellite set used was considered useful to obtain sound assessments of among-populations genetic relationships.
Parameters characterising genetic variability of the analysed sheep populations are given in Table 1 . The F IS , F ST and F IT values computed at the whole population level were 0.010 ± 0.011, 0.134 ± 0.004, and 0.142 ± 0.010, respectively. At the whole population level, expected Table 1 Number of individuals analysed (N) per country analysed population. The following parameters are given for each analysed subpopulation: observed (Ho) and expected (He) heterozygosity, heterozygote deficiency within subpopulations (FIS), raw average number of alleles per locus (A) and average number of alleles per locus rarefacted to 30 copies (A (30) ) per analysed breed and for the whole dataset. Standard deviations of the estimates are in brackets. Statistical significance of the Wilcoxon tests for bottleneck detection is also given. heterozygosity and rarefacted number of alleles per locus took values of 0.748 ± 0.003 and 6.8, respectively.
The Cuban Pelibuey breed had the highest gene diversity (H e = 0.685 ± 0.006) while the Mossi breed of Burkina Faso had the highest rarefacted allelic richness (6.3). Both the Cuban Pelibuey and the Eastern Sahelian sheep populations also had high allelic richness values.
The two-tails Wilcoxon test gave statistically significant signatures for population bottleneck only in the two wooled sheep populations used as an outgroup (Table 1) .
The between-breeds molecular coancestry (f ij ) and the D m matrices are given in Table S2 . D m mainly characterises differentiation due to drift while molecular coancestry informs on the ancestral between-populations genetic identity (Álvarez et al., 2005) . However, they gave consistent information. Considering that the between-wooled populations D m was 0.117 ± 0.009, the separation between the Cuban Pelibuey and the Hair-Canarian and Hair-Mexican populations can be considered low (D m ranging from 0.072 to 0.094). A similar scenario was found for the four African sheep populations, although differentiation between the Eastern Sahelian sheep and the Djallonké (West African Dwarf) tended to be higher (0.105 ± 0.010). Between-populations molecular coancestry showed a consistent pattern: the lower the differentiation, the higher the genetic identity. However, the pairs Eastern Sahelian-Wooled-Palmera and HairCanarian-Wooled-Canarian had a relatively high molecular coancestry (higher than 0.25). This overall scenario is summarised in Fig. 1 .
The canonical discriminant analysis identified 2 canonical variables with eigenvalue >1, explaining, respectively, 34.7% and 18.3% of the genetic variation contained in the dataset (Fig. 2) . The pattern of dispersion obtained was similar to that provided in Fig. 1 Population structure and degree of admixture was also assessed using the program STRUCTURE. The second order rate of change of the likelihood function (Evanno et al., 2005) suggested that the most likely number of K in the dataset was 6. Table 2 gives the membership (in percentage) of each of the analysed sheep breeds in each of the 6 most likely clusters inferred using the program STRUC-TURE. Cluster 1 included most Cuban Pelibuey individuals and Cluster 5 gathered the Burkinabé breeds. The Eastern Sahelian, Wooled-Palmera and Wool Canarian individuals also formed their own clusters (6, 4 and 2, respectively). However, the Hair-Mexican, the Hair-Canarian and a significant proportion of Cuban Pelibuey individuals clustered together into Cluster 2.
Discussion
Cuban Pelibuey sheep genetic background
STRUCTURE and, to a lesser extent, correspondence analyses suggest that the Cuban Pelibuey has a unique genetic background. This particular genetic background does not result from population processes leading to diversity losses and increase of homozygosity. Cuban Pelibuey breed gathers a wide genetic diversity as suggested by its values of gene diversity and allelic richness. These values are comparable with those assessed for the Mossi breed (Table 1) , which is an unselected-admixed population formed by continuous crossing between Sahelian and Djallonké sheep (Álvarez et al., 2009a; Traoré et al., 2008) . This scenario is surprising for a population that is expected to have suffered a dramatic bottleneck during its formation, has had limited genetic contact with other hair sheep populations, at least during the last 50 years, and is under selection processes. In any case, we have not detected signals of genetic bottleneck in the Cuban Pelibuey sheep. However, this failure is not likely to be due to the inability of our microsatellite set to characterise genetic bottlenecks. These have been detected in the Wooled-Canarian and Wooled-Palmera breeds. Wooled Palmera suffered a dramatic population bottleneck during the 1970s that reduced their population sizes to roughly 50 individuals while the Wooled Canarian sheep population size decreased to a total of 30,000 individuals with a high structure among islands (Gobierno de Canarias, 1991; Álvarez et al., 2000) .
Relationships with other Caribbean sheep
The current analyses suggest that the genetic influence of the Cuban Pelibuey sheep into the Hair-Mexican and Hair-Canarian sheep populations is strong enough to the point of allowing to consider the latter breeds as "pelibueyderived". An early intercross between the founders of the Hair-Canarian population and the extant Wooled-Canarian sheep, reflected in the closeness of the Hair-Canarian with the Wooled-Canarian individuals (Figs. 1A and 2B) , has not erased the genetic relationships between the Hair-Canarian and the Caribbean hair sheep populations. Particularly, Fig. 2B and Table 2 suggest that a significant part of the Cuban Pelibuey individuals belong to the same genetic background as these two hair sheep populations. Although each of the flocks sampled in Cuba have particular reproduction management, they also used selected semen from Artificial Insemination centres located around La Havana. These centres could also have supplied frozen semen for foreign hair sheep populations as this happened in the Hair-Canarian population at least 15 years ago (Tejera and Capote, 2005) .
Relationships with West African sheep
The current results suggest that the influence of African hair sheep into the Cuban Pelibuey, if existent, would be limited. Analyses carried using STRUCTURE and correspondence analyses clearly show that the Caribbean hair sheep is genetically differentiated from the African hair populations. This is so although, coastal West African individuals included in the Eastern Sahelian population tended to be genetically closer to the Hair-Mexican individuals (Fig. 2B) . These genetic signatures are likely to result from processes occurring only a few generations back.
Conclusions
Here we used microsatellite polymorphism to carry out the first genetic analysis including the Cuban Pelibuey sheep together with the Hair-Mexican and Hair-Canarian breeds. Analyses included different approaches for the assessment of population structure and genetic diversity giving complementary information. Our results clearly suggest that Cuban Pelibuey sheep has a unique genetic background and that both Hair-Mexican and Hair-Canarian sheep breeds are likely to be derived from the Cuban hair sheep. Furthermore, the hypothesis suggesting that Cuban Pelibuey (and other Caribbean hair sheep) are directly derived from coastal West African hair sheep can be questioned.
